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PROJECT 1

Report for Period 1/94 - 6/95

Biological Activities of Heregulin on Breast Cancer Cells

INTRODUCTION:

The heregulins (HRGs) are a novel family of EGF-like growth factors which activate
members of the subclass 1 tyrosine kinase receptors. HRGoC was first isolated as a putative
ligand for the erbB2 receptor (p185) (1,2,3) but has since been shown to bind erbB3 (4) and
erbB4 (5) and activate erbB2 by erbB2/erbB3 or erbB2/erbB4 heterodimerization. HRG is a 45
kDa glycoprotein homologous to gp30 (6), neural differentiation factor (NDF) in the rat (7), the
glial growth factors (GGFs) (8) and acetylcholine receptor inducing activity (ARIA) (9). Several
isoforms of HRG, all of which arise from splice variants of a single gene (10), have been cloned
and classified into the alpha and beta subgroups based structural differences in their EGF binding
domains. Most isoforms are generated as transmembrane molecules and cleaved to generate
soluble ligand (11). The HRGs have been identified as critical ligands in development of the heart
and nervous system during embryogenesis (12,13), are involved in the regulation of ductal
morphogenesis in the mammary gland (14,15) and induce both growth and differentiation of breast
cancer cells (3,16,17,18). They have been classified with other members of the EGF growth
factor family, including epidermal growth factor (EGF) (19), transforming growth factor alpha
(TGF-alpha) (20), heparin-binding EGF (HB-EGF) (21), amphiregulin (22) and betacellulin (23).
They are biologically distinct since they do not bind to the EGF receptor, and structural analysis
suggests that the N-terminal of the EGF domain of HRG is critical for binding to its receptors (24).

Transregulation events mediated by HRG ligand activation of the erbB3 and erbB4
receptors which lead to signalling from the erbB2 receptor may be key players in tumor
progression to the invasive state. The results of several recent studies support this concept,
suggesting that the dynamics of erbB receptor heterodimerization with other erbB family members
contribute significantly to the regulation of signal transduction events within the cell. Activated
erbB2/erbB4 heterodimers demonstrate higher levels of tyrosine kinase activity when compared to
erbB4 homodimers (25). Also, although erbB3 can only weakly bind HRG on its own, erbB3
heterodimerization with erbB2 constitutes both a high affinity dimer for HRG (26) and enhances
development of the transformed phenotype (27). Ligand binding of HRG to its receptors activates
the ras/mitogen activated protein kinase (MAPK) signalling pathway (ERKI and ERK2) and
p70/p85 S6 kinase (17). HRG-induced tyrosine kinase activity also leads to phosphorylation of
the p85 subunit of PI-3 kinase and to its association with erbB3 (28) and erbB4 (29). PI 3-kinase
has been shown to be a substrate for erbB2 and is regulated by its oncogenic activation (30).

At this stage several questions remain in regards to the biological mechanisms through
which the erbB receptors and their ligands contribute to breast cancer onset and progression.
Overexpression of erbB2 is known to correlate with poor prognosis in breast, ovarian, stomach
and lung cancers (31,32,33). However, the clinical significance of the erbB3 and erbB4 receptors
in malignancy has not yet been fully established. Although erbB2 has been shown to be a poor
prognostic indicator for invasive breast cancer (34,35), 70% of breast cancers overexpressing
erbB2 are classified as noninvasive intraductal carcinomas (32). This suggests that erbB2
overexpression may be a positive indicator of proliferation and transformation but may not be
sufficient for the development of the metastatic phenotype. Since the process of metastasis
requires changes in cell adhesion properties, release of basement membrane degrading enzymes,
cell motility and eventual recolonization at selective target organs, additional co-factors interacting
with erbB2 may therefore be required for induction of the invasive phenotype. Data in this study
would suggest that HRGs fall into this category.

In terms of biological activity, HRG has previously been shown to exert a biphasic effect in
breast cancer cells. Relatively low concentrations promoted cell growth, whereas higher
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concentrations induced differentiation by upregulating expression of cell adhesion molecules
(36,37) and stimulating production of alpha-lactalbumin (16). Transfection studies in the estrogen
receptor positive MCF-7 breast cancer cell line showed that HRG enhanced cell proliferation,
induced estrogen independent growth by estrogen receptor downregulation and stimulated
metastasis (18, 31, 38). Loss of estrogen receptor has been linked to more aggressive forms of
breast disease (39,40) and to higher invasive and metastatic indices in cell lines (41).

The research objectives of this postdoctoral fellowship were to further investigate the
biological effects of heregulin. The work presented here examines a specific role for HRG in the
induction of the invasive phenotype in breast cancer cells. Addition of exogenous HRG ligand to
the non-invasive SKBR-3 breast cancer cell line, which expresses high levels of erbB2 and
intermediate levels of erbB3, resulted in formation of lamellopodia and pseudopodia, phagocytic
activity and chemomigration. A specific function for HRG in the induction of the invasive
phenotype was also demonstrated by use of a neutralizing polyclonal antibody targeting the N-
terminal of the EGF binding domain of HRG. The anti-HRG antibody was capable of
significantly reducing both the growth and invasive properties of the HRG-expressing MDA-MB-
231 cells and the chemomigration response to HRG seen with SKBR-3 cells. The results obtained
provide additional insights into the biological mechanisms through which HRG and the erbB
receptors may contribute to the invasive phenotype and promote progression to the metastatic state
in breast cancer. The methods, results and discussion of the work completed for this fellowship
from 1/94 through 6/95 are presented in the following pages.
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MATERIALS AND METHODS:

Cell Lines

MDA-MB-231 and SKBR3 human breast adenocarcinoma cells were obtained from
American Type Culture Collection (ATCC) (Rockville, MD). Cell lines were cultured in improved
minimum essential media (IMEM) (Gibco), supplemented with 10% fetal bovine serum/ 1%
glutamine and maintained in 5% C02/ 95% air atmosphere at 37°C.

Generation of recombinant heregulinj32 and purification of HRG from MDA-MB 231 breast cancer
cell conditioned media.

The heregulinB2 (HRGB32) cDNA (aa. 1- aa.426) was inserted into the baculovirus transfer
vector pVL 1393 (Invitrogen, San Diego, CA) at the Bam HI and XbaI sites. Potential positive
clones were verified by the dideoxy chain termination method using sequenase version 2.0 (USB,
Cleveland, OH) and were then amplified in bacteria (strain DH5 a). The pVL1393/HRGB32 cDNA
was then co-transfected along with linearized wild type AcMNPV DNA by calcium phosphate
mediated infection into spodopterafrugiperda (Sf9) cells. The recombinant virus was identified by
plaque screening and then propagated. The high-titer recombinant virus stock was produced by 4-
5 rounds of re-infection to give a titer of 1 X 108 pfu/ml. Conditioned medium from infected Sf9
cells was collected and recombinant HRG132 was purified by heparin affinity chromatography.
Purification of gp30/heregulin (gp30/HRG) from MDA-MB-231 conditioned media has been
described previously (42), and such material will be referred to as gp30/HRG throughout the
manuscript to distinguish it form the recombinant from of HRGB2.

Generation of the heregulin neutralizing antibody

Generation of the HRG-neutralizing antibody has been described previously (43). Briefly,
amino acid sequences corresponding to different regions of the EGF-like domain of heregulin were
identified as potential sites from which to develop selective neutralizing antibodies. Synthetic
peptides corresponding to the selected sequences were generated and termed (X1, oc2 and OC3.
These were conjugated to a lysine rich core matrix and injected into rabbits (Biosynthesis, Inc.,
Lewisville, TX) and the resulting polyclonal antibodies (oa, cc2 and c3) were affinity purified and
tested for HRG binding specificity by enzyme immunoabsorbant assay (ELISA). The polyclonal
anti-HRG Ab ((x3) directed to the N-terminal region of the EGF-like domain was found to have the
greatest neutralizing activity in the presence of HRG and was therefore used to investigate the
biological activities of HRG in the experiments described below.

Boyden Chamber Motility Assays

a) Chemomigration and chemoinvasion assays

Methodology for the Boyden chamber assay has been described extensively in previous
publications (41). Chemomigration and chemoinvasion assays were conducted with SKBR-3
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breast cancer cells in the Boyden chamber assay. Cells were plated at 50,000 cells/well (in
quadruplicate) onto polycarbonate filters (12 um pore, PVP free, Nucleopore, Pleasanton, CA)
coated with either gelatin ( 0.1 mg/ml) for the chemomigration or with Matrigel (Collaborative
Biomedical Products, Bedford, MA, 1:20 dilution of stock) for the chemoinvasion assays
respectively. gp30IHRG (0, 0.02, 0.2, 4.0 and 8.0 ng/ml) was added to the upper chamber with
the cells and to the lower chambers which contained NIH3T3 fibroblast conditioned media
(NIH3T3 CM) as a chemoattractant. NIH3T3 CM was prepared according to previously
established protocols (41). Cells were incubated at 37°C, 5%CO 2/ 95% air for 16 h. Filters were
then fixed, stained with hematoxylin and cells on the top surface of the filters were removed.
Filters were mounted onto glass slides and the number of cells which migrated through the pores
were assessed for each treatment group by image analysis systems or by microscopy.

b) Measurement of chemotactic activity of HRGj32 and inhibition by the anti-HRG (a3)
neutralizing antibody.

SKBR-3 cells breast cancer cells were plated at 25,000 cells per well (in quadruplicate) in
0.1% BSA/IMEM onto gelatin-coated 12 uM pore filters in the Boyden chamber. Recombinant
HRGB2 (0, 0.02, 0.2, 2.0 or 6.0 ng/ml) was added to the upper chamber to test for induction of
cell migration or to the lower chamber to test for chemotactic activity. Specificity of the
chemotactic response was determined by preincubating HRG32 (0.2 or 2.0 ng/ml) with the anti-
HRG Ab (c3) (0, 10, 20 , 40 and 80 ug/ml) or rabbit IgG (Sigma, St. Louis, MO)for 30 min at
37"C before addition to the lower wells of the Boyden chamber. Cells were incubated at 370 C, 5%
C0 2/ 95% air for 16 h, filters were then fixed and analyzed as described above.

c) Inhibition of motility of MDA-MB 231 breast cancer cells by the anti-Hrg Ab.

MDA-MB-231 breast cancer cells were preincubated for 30 min at 37°C, 5% CO2/ 95% air
in the presence of the anti-HRG Ab (03) (0, 10, 20, 40 and 80 ug/ml) or rabbit IgG and were then
plated at 25,000 cells/ well (in quadruplicate) in 0.1% BSA/IIMEM onto gelatin-coated 12 uM pore
filters and incubated for 6 h at 37°C, 5%CO 2/ 95% air. NIH3T3 CM was used in the lower
chambers as a chemotactic agent. Cell migration results were analyzed as described above.

Matrigel Outgrowth Experiments

MB-MDA-231 cells were plated (Day 0) at 5000 cells/well in IMEM/10% FBS on a preset
Matrigel layer (0.2 ml) in 46-well plates and grown for 7 days at 37 °C, 5% C0 2/ 95% air in the
absence or presence of the anti-HRG Ab (0i3) or rabbit IgG. Anti-Hrg Ab (cL3) (20, 40 or 80
ug/ml) or IgG (40 or 80 ug/ml) were added on Days 1, 3, 5 and growth patterns were
photographed on Days 3, 5 and 7 using Hofman optics on the Leitz Labovert photomicroscope.

Cytoskeletal Staining of F-Actin

F-actin staining was assessed in SKBR-3 and MDA-MB-231 cell lines. SKBR3 cells were
plated at a sub-confluent density of 35,000 cells/well in IMEM/10% FBS onto 13 mm sterile glass
coverslips in 24-well tissue culture plates and incubated at 37 'C, 5%CO 2/ 95% air for 24 h. Cells
were then treated in 10% FBS/IMEM with gp30/ HRG (0, 0.2, 2.0 and 6.0 ng/ml) or gp30/HRG
(0.2 ng/ml) in combination with Wortmanin (0.01 uM; Sigma, ST. Louis, MO) for 24 h after
which they were fixed in 3.7% formaldehyde/PBS for 30 min, rinsed in PBS, permeabilized in
PBS/0.3% Triton-X 100 and stained for F-actin with Texas Red immunofluorescent-labeled
phalloidin (0.25 ug/ml; Sigma, St. Louis, MO.) for 30 min. MDA-MB-231 cells were plated
(Day 0) at 10,000 cells/well in IMEM/10% FBS onto 13 mm sterile glass coverslips in 24-well
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tissue culture plates and incubated at 37'C, 5% C0 2 / 95% air and incubated for 6 days in the
absence or presence of the anti-HRG Ab (03) (0, 20, 40 and 80 ug/ml) or rabbit IgG (40 and 80
ug/ml) added on days 1, 3 and 5. Coverslips were fixed for examination on days 1, 3 and 6 and
stained for F-actin as described above. Coverslips were mounted onto glass slides and actin
staining in SKBR3 and IvDA-MB 231 cells was analyzed with a Zeiss fluorescent microscope.
FACS Phagocytosis Assay

Precooled 24-well plates were coated with a thin film of fluorescein isothioncyanate
(FITC)-labeled gelatin/sucrose solution and cross-linked with glutaraldehyde. Preparation of
fluorescenlty labeled gelatin has been described previously (44). SKBR-3 cells were seeded at
300,000 cells/ well in 0.5 ml serum-containing medium and immediately treated with gp30/HRG
(0, 0.02, 0.2 and 2.0 ng/ml). Cells were allowed to attach and spread overnight at 37°C, 7.5%
C02/ 95% air. After approximately 16 h cells were detached with trypsin/ EDTA, washed in
serum-containing medium and PBS and fixed in 3% paraformaldehyde/ PBS. The amount of
phagocytosed FITC-gelatin was determined by Fluorescent Activated Cell Sorting (FACS) (Star
Plus, Becton and Dickinson) and expressed as fold background (cells incubated on unlabeled
gelatin films).

RESULTS:

Gp30/HRG induces chemomigration and chemoinvasion of SKBR-3 cells.

gp30/HRG was tested for induction of cell motility in the non-HRG expressing SKBR-3
breast cancer cell line as an exogenously added reagent. This cell line was selected because it
expresses high levels of erbB2 in addition to erbB3 and erbB4. Cells were tested in Boyden
chamber chemomigration and chemoinvasion assays in the presence of gp30/HRG (0, 0.02, 0.2,
4.0 and 8.0 ng/ml) added to both upper and lower chambers (Figure 1). Chemomigration and
chemoinvasion were measured according to the number of cells traversing gelatin or matrigel-
coated filters respectively. The response to gp30/HRG was dose-dependent and showed migration
and invasion to be maximal at 0.2 ng/ml ligand. This decreased significantly at the higher
concentrations of 4 and 8 ng/ml. Although fewer cells were able to passage through Matrigel when
compared to the gelatin-coated filters, motility profiles in both assays followed the same dose
response pattern to gp30/HRG. MCF-7 cells, which express low levels of erbB2, 3 and 4, when
tested in the Boyden chamber assay showed minimal chemomigration responses to gp30/HRG.

HRGJ32 acts a chemotactic agent and can be inhibited by the anti-HRG Ab.

Purified recombinant HRG]32 protein was tested in the Boyden chamber assay to confirm
the results obtained with gp30/HRG. In addition, the experiments were designed to examine the
mechanism of action in the induction of cell motility. Results presented in Figure 2 show that
when HRGB2 was added to the bottom wells, a biphasic chemotactic response was induced in the
SKBR-3 cells. Chemotaxis was maximal at 0.2 ng/ml ligand and was still present at 2.0 ng/ml
although at lower levels. A minimal increase in motility was observed at 0.02 ng/ml ligand and
0.1% BSA/PBS alone did not elicit a migratory response. In contrast, HRG132 incubated in the
top chamber with the cells did not induce a statistically significant increase in motility of SKBR-3
cells over the control group at 0.2 and 2.0 ng/ml, although migration was reduced at 6.0 ng/ml.
(Data not shown).

In order to inhibit the chemotactic response induced by HRGB32, the anti-HRG Ab (05) (0,
20, 40 and 80 ug/ml) or rabbit IgG (40 and 80 ug/ml) were added to the bottom wells of the
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chamber in the presence of HRGB2 at 0.2 ng/ml, the dose which induced the greatest chemotactic
response. Incubation of HRGI32 in the presence of the anti-HRG Ab reduced the chemomigration
response by 40% at 40 ug/ml and by 60% at 80 ug/ml antibody when compared to the 0.2 ng/ml
control group (Figure 2). Rabbit IgG at the same concentrations did not inhibit the chemotactic
response in the presence of 0.2 ng/ml HRG.

HRG induces formation of pseudopodia and stress fibers in SKBR-3 cells.

Based on the migration and invasion results obtained in the Boyden chamber assay,
SKBR-3 cells were then treated with HRG and tested for cytoskeletal responses to ligand
stimulation. To allow for observation of membrane ruffling and pseudopodia formation, cells
were plated at sub-confluent densities, incubated in the presence of gp30/HRG (0, 0.2, 2.0 and
6.0 ng/ml) for 24 h and stained for F-actin with Texas Red-labeled phalloidin. Untreated SKBR3
cells (Figure 3a) show bands of stress fibers close to the cell periphery and punctate actin staining
within the cell. Cells treated with gp30/HRG (0.2 - 6.0 ng/ml) however exhibit dramatic
cytoskeletal changes characterized by a 2-3 fold increase in size and specific rearrangement of the
actin cytoskeletal structure based on the dose of ligand. At 0.2 ng/ml gp30/HRG extensive
formation of membrane ruffles and/or pseudopodia are clearly apparent. Cell morphology is
characterized by F-actin distribution into the pseudopodia and ruffles at the cell borders, often
accompanied by complete clearing of the actin cytoskeleton in the cell center (Figure 3b). Stress
fibers and radiating actin structures close to cell periphery start to appear at 2.0 ng/ml (Figure 3c).
At 6.0 ng/ml the cells are still enlarged and spread, and extensive actin stress fibers traverse the cell
body forming a complex network rather than even parallel bands (Figure 3d). The observed
morphological changes induced by gp30/HRG correlate with the previously shown migration data
in the Boyden chamber assay. At 0.2 ng/ml ligand SKBR3 cells form large pseudopodia and
lamellopodia and demonstrate maximal chemomigration and invasion activity. At higher doses of
ligand stress fiber formation is induced and cell motility is decreased.

Since cell membrane ruffling is believed to be mediated by activation of PI-3 kinase, we
tested whether HRG-induced formation of pseudopodia and lamellopodia could be inhibited by the
PI-3 kinase inhibitor Wortmanin (45). SKBR-3 cells were co-incubated in the presence of
Wortmanin (0.01 uM) and 0.2 ng/ml gp30/HRG for 24 h and stained for F-actin. Wortmanin
(0.01 uM) alone did not show any significant effect on the SKBR-3 baseline cytoskeletal actin
network (Figure 3e) but was capable of inhibiting the HRG-induced ruffling and formation of
pseudopodia (Figure 3j).

HRG stimulates phagocytosis in SKBR-3 cells.

The FACS phagocytosis assay has been shown to correlate with existing in vitro invasion
assays and depends on both the gelatinolytic activity and the phagocytotic capacity of the cells (44).
Compared to invasive breast cancer cell lines such as MDA-MB-231 and HS578T, the invasive
capacity of SKBR-3 cells in the FACS phagocytosis assay is low, but can be significantly
stimulated by increasing doses of gp30/HRG. The results of FACS analysis of FITC gelatin
phagocytosis by SKBR-3 cells stimulated with gp30/HRG (0.02, 0.2 and 2.0 ng/ml) are shown in
Figure 4. Data (mean values and SEM of duplicates) quantitatively express the overnight uptake of
FITC-gelatin by SKBR-3 cells. The stimulation by gp30/HRG is dose-dependent, reaching a
plateau at 0.2 ng/ml where it shows a 2-fold increase and is statistically significant (Student T-test,
p<0.05). Fibronectin degradation and phagocytosis most likely involve proteases.

Inhibition of invasive properties of MDA-MB 231 by the anti-HRG Ab.
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In order to test for a specific effect of HRG in promoting a more aggressive and invasive
phenotype in breast cancer cell lines, the HRG neutralizing antibody was tested in proliferation and
invasion assays. MDA-MB-231 cells which express HRG were tested in the Boyden chamber
assay in the presence of the anti-HRG Ab (x3) (0, 10, 20, 40 and 80 ug/ml) or rabbit IgG.
NIH3T3 CM was added as a chemoattractant to the lower chambers and cells were allowed to
migrate over a 6 h incubation period. Results presented in Figure 5 show a dose-dependent
reduction in cell motility in the presence of antibody. Motility of MDA-MB-231 cells was inhibited
by 29, 43, 59 and 73% at 10, 20, 40 and 80 ug/ml neutralizing antibody respectively. Rabbit IgG
had no effect on cell motility up to 80 ug/ml (data not shown). In the presence of the anti-HRG Ab
(ac3) (40 and 80 ug/ml), the reduction in cell migration was accompanied by a morphological
change from the characteristic spindle shape to a flattened phenotype with an enlarged cytoplasm.

HRG neutralizing antibody alters outgrowth patterns of MDA-MB-231 cells in Matrigel.

Highly invasive breast cancer cell lines such as MDA-MB-231, HS578T and MCF-
7/ADR, have been shown to have a characteristic invasion and stellate outgrowth pattern when
cultured in Matrigel, while non-invasive cell lines grow clonally and do not migrate into the
surrounding matrix (41). The effect of the anti-HRG Ab (x3) on the Matrigel outgrowth pattern of
MDA-MB-231 cells was therefore assessed. Cells were plated (day 0) in IMEM/10% FBS on a
preset Matrigel layer and grown for 7 days in the presence of the HRG neutralizing antibody or
rabbit IgG. MDA-MB-231 cells were plated sparsely (5000 cells/well) to observe outgrowth
patterns in response to antibody treatment. Anti-HRG Ab (a3) (20, 40 or 80 ug/ml) or IgG (40 or
80 ug/ml) were added on days 1, 3 and 5. Control untreated and IgG treated cells moved outward
across the surface of the Matrigel as they replicated, forming pathways of cells multiple layers in
width by day 5 (Figure 6c). Matrigel outgrowth of MDA-MB-231 cells was significantly reduced
in the presence of antibody (40 and 80 ug/ml) over the 7 day incubation period. When Ab was
present the cells tended to form foci and by day 5 pathways only a single cell in width were
observed leaving these foci (Figure 6d).

Anti-HRG Ab induces a more differentiated phenotype in MDA-MB-231 Cells.

In order to understand the mechanism by which the anti-HRG Ab (a3) decreased motility
and inhibited growth of MDA-MB 231 cells, we tested whether treatment with antibody could alter
the actin cytoskeleton. MDA-MB 231 cells were plated (Day 0) in IMEM/10% FBS at 10,000
cells/well onto sterile glass coverslips in 24-well tissue culture plates and were incubated for 7 days
in the presence of the anti- HRG Ab (03) (0, 20, 40 and 80 ug/ml). On day 5, untreated MDA-
MB-231 cells generally stained diffusely for F-actin in the cytoplasm and showed ruffling activity
at the cell membrane (Figure 6a). In striking contrast, incubation in the presence of the HRG
neutralizing antibody induced cell flattening, an increase in cell size and formation of stress fibers
(Figure 6b). Reorganization of the cell cytoarchitecture initially become apparent by Day 1 with 80
ug/ml antibody (day 3 at 40 ug/ml) and continues to progress up to day 7. Actin staining in the
IgG group (40 and 80 ug/ml) was similar to the control.

DISCUSSION:

The process of metastasis consists of several steps involving changes in cell adhesion
properties, release of basement membrane degrading enzymes, cell migration and eventual
recolonization at selective target organs (46). The erbB2 protooncogene is a major prognostic
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parameter for invasive breast cancer but is expressed more often in non-invasive disease, where it
lacks prognostic significance. It's role in promoting tumor progression to metastatic disease is
therefore not clear and suggests that erbB2 overexpression alone may be a good indicator of
proliferation and transformation, but that additional interacting co-factors may potentiate the
metastatic phenotype. Signaling from members of the subclass 1 tyrosine kinase receptors
(EGFR, erbB2, 3 and 4) and their ligands are known to be involved in growth regulation of breast
carcinoma cells (47,48). Although HRG does not directly bind erbB2, several recent studies
indicate that HRG ligand interactions with erbB3 and erbB4 are directly influenced by the presence
of the erbB2 receptor in the development of the transformed phenotype (49,50,51,52,53). The
results presented in this paper suggest that HRG expression and its biological functions may be
very important in the maintenance and activation of a more aggressive and invasive phenotype in
breast carcinoma cells.

Specific involvement of HRG in promoting a more aggressive and invasive phenotype was
demonstrated with the HRG-neutralizing antibody. The anti-HRG Ab tested on the highly
aggressive HRG-producing MDA-MB-231 breast cancer cell line was capable of significantly
inhibiting both proliferative and invasive behavior and also induced morphological changes
indicative of more a differentiated phenotype. The anti-HRG Ab was however not capable of
completely inhibiting the growth and invasive properties of the MDA-MB-231 cells. This may be
due to presence of the mutated ras gene in these cells and therefore a constituitively activated
MAPK signalling pathway and/ or the production of additional growth factors (54). Since the
antibody is polyclonal it is difficult to assess what portion comprises the active fraction.

Actions of HRG as a paracrine agent in the induction of a more invasive phenotype was
tested by addition of exogenous ligand. The erbB2/erbB3 overexpressing SKBR-3 breast cancer
cell line which lacks HRG production and exhibits minimal invasive behavior, responded to low
concentrations of HRG in the Boyden chamber assay by showing increased chemoinvasion and
chemotaxis. Specificity of the chemotactic response to HRG was confirmed by co-incubation of
the ligand in the presence of the anti-HRG neutralizing antibody. In addition, treatment of SKBR-
3 cells with low concentrations of gp30/HRG resulted in extensive membrane ruffling and
formation of pseudopodia, and also enhanced phagocytic activity. The secretion of proteases as a
result of ligand treatment is implied by both the fibronectin phagocytosis assay which simulates
basement membrane degradation and the Boyden chamber invasion assays. Protease secretion and
basement membrane remodelling in response to HRG have not been characterized at present.

The actions of low concentrations of HRG on cell motility, formation of large pseudopodia
and lamellopodia and increased phagocytic activity reflect behavior which is functionally consistent
with the induction of a more invasive phenotype. Treatment of SKBR-3 cells with higher
concentrations of ligand however decreased chemomigration and invasion and induced formation
of a more differentiated phenotype. The latter was characterized by an increased cytoplasmic to
nuclear ratio and a complex actin cytoskeletal framework of stress fibers. Biphasic effects of HRG
have been described previously in the AU-565 and SKBR-3 erbB2 overexpressing cell lines (16),
where low ligand levels enhanced proliferation and higher concentrations induced differentiation.
These results support the effects observed here with HRG in the induction of a more invasive or
alternatively more differentiated phenotype. These biological endpoints suggest that HRG ligand
and erbB receptor levels in normal or transformed breast epithelial cells may define a balance
between promotion of proliferation and invasion or differentiation (14,15).

The signalling pathway activated by HRG in SKBR-3 cells leading to the formation of
pseudopodia and membrane ruffles appears to involve PI-3 kinase activation since this response
was prevented by Wortmanin. PI-3 kinase is known to associate with the erbB2, erbB3 and
erbB4 receptors upon ligand binding of HRG and tyrosine kinase activation (27, 28, 29). Cell
membrane ruffling signals through the small GTPase protein rac (55) which also directly interacts
with PI-3 kinase (56), implicating this pathway in signaling by HRG. The association between the
erbB2 receptor and motility in the SKBR-3 cell line has also been demonstrated in previous
studies. A 50 kd protein isolated from COLO-16 cells, which has not been characterized but has
been suggested to be a member of the heregulin family, stimulated motility of SKBR-3 cells (57)
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and aggregation of phosphorylated erbB2 receptor in pseudopodia and membrane ruffles (58).
EGF has also been shown to induce formation of lamellopodia and act as a chemotactic agent for a
metastatic mammary adenocarcinoma cell line derived from the rat (59). Biological characteristics
such as cell motility, phagocytosis and formation of membrane ruffles in cancer cells have been
positively correlated with the invasive phenotype and increased metastatic index (60).

CONCLUSIONS:

Signaling events initiated by the erbB-2, 3 and 4 receptors and the HRG family of growth
factors can provide us with additional insights into the biological mechanisms which may
contribute to the progression of breast cancer. The results of this work describe specific functions
for HRG in the induction and maintenance of the invasive phenotype in breast cancer cells as
demonstrated by use of an HRG neutralizing antibody. HRG appears to be acting by an autocrine
mechanism in the MDA-MB-231 cell line, but can also function as a paracrine agent to promote
motile and invasive behavior when added as exogenous ligand to the non-invasive SKBR-3 cell
line. The overall results presented here therefore imply that growth factor ligands such as HRG
rather than the receptors may participate in enhancing the metastatic process. Expression of HRG
in breast tumors has not been characterized so far. HRG may be present in the tumor in a subset of
malignant cells which could initiate metastatic events. Alternatively, it may be synthesized by
surrounding stromal fibroblasts and promote invasiveness of cancer cells by juxtacrine and
paracrine mechanisms. Further studies on tumor expression of HRG and its biological functions
may lead to the development of new therapies which target its actions on cancer cell proliferation
and invasion.
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Figure 3 a-f:
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Figure 4:
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Figure 6a-d:
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Figure Legends:

Figure 1: Chemomigration and chemoinvasion of SKBR-3 cells. Cells were tested in the
Boyden chamber assay in the presence of gp30/HRG (0, 0.02, 0.2, 4.0 and 8.0 ng/ml) and
chemotaxis and chemoinvasion were measured according to the number of cells traversing gelatin
or matrigel-coated filters respectively.

Figure 2: Chemotactic activity of HRGB2 and inhibition by the anti-HRG Ab. SKBR-3 cells
were allowed to migrate in the Boyden chamber assay over a 16 h incubation period in response to
HRGB2 (0, 0.02, 0.2, 2.0 or 6.0 ng/ml in 0.1% BSA/PBS) added to the bottom wells as a
chemoattractant. To test for a specific response to HRG, the anti-HRG Ab (a3) (40 and 80 ug/ml)
was added to the bottom wells of the chamber in the presence of HRGB32 at 0.2 ng/ml. Antibody
alone had no effect on cell migration.

Figure 3 (a-f): Regulation of the actin cytoskeleton by gp30/HRG. SKBR-3 cells were
incubated in the presence or absence of gp30/HRG (0, 0.2, 2.0 and 6.0 ng/ml) for 24 h and
stained for F-actin with TRITC phalloidin. Untreated cells (a) show bands of stress fibers at the
cell periphery and punctate actin staining within the cell. 0.2 ng/ml gp30/HRG induces extensive
membrane ruffling and formation of large pseudopodia accompanied by complete clearing of
polymerized actin from the cell center. At 2.0 ng/ml gp30/HRG (c) stress fibers and radiating actin
structures start to appear, which becomes more evident at 6.0 ng/ml (d) where actin stress fibers
form complex networks rather than even parallel bands. Wortmanin (0.01 uM) alone (e) does not
affect actin distribution but inhibits HRG-induced (0.2 ng/ml) ruffling and formation of
pseudopodia (f). (Magnification 630x).

Figure 4: FACS analysis of FITC gelatin phagocytosis by SKBR-3 cells stimulated with
gp30/HRG (0, 0.02, 0.2 and 2.0 ng/ml). Data (mean values and SEM of duplicates) quantitatively
express the overnight uptake of FITC-gelatin by SKBR3 cells.

Figure 5: Inhibition of motility of MDA-MB-231 cells by the anti-HRG Ab (a3). MDA-MB-231
cells were treated in the Boyden chamber assay with the anti-HRG Ab ((X3) (0, 20, 40 and 80
ug/ml) or rabbit IgG (80 ug/ml). After a 6 h incubation period the number of migrated cells were
counted. Chemomigration was inhibited by 36% at 20 ug/ml, 57% at 40 ug/ml and 84% at 80
ug/ml antibody. Rabbit IgG (80 ug/ml) had no effect on migration (data not shown).

Figure 6 (a-d): Results of HRG neutralizing Ab treatment on MDA-MB-231 morphology and
outgrowth. Actin staining of MDA-MB-231 cells show dramatic morphological changes in
response to treatment with anti-HRG Ab (03) (80 ug/ml) by day 5 reflecting an increase in cell
size, stress fibers formation and a more fibroblastic appearance (b). Untreated cells (a) are not well
adherent and show ruffling at the cell borders. (Magnification 630x). Inhibition of proliferation
and outgrowth of MDA-MB-231 cells was also observed in the matrigel growth assay with anti-
HRG (80 ug/ml) (d) treatment and compared to cells grown in the presence of rabbit IgG (80
ug/ml) (c).

22



NRG-3: a new erbB ligand

Project 2

NRG-3 in human breast cancers; activation of multiple erbB family proteins

Mai Hijazil*, Paul E. Young 2* Michele K. Doughertyl, Dana S. Bressette2, Tin T.

Cao0, Jacalyn Pierce3, Ling Mei Wong3, and Maurizio Alimandi 3, and C. Richter

King1-

1 Lombardi Cancer Center, Georgetown University Medical Center, Washington DC

2 Human Genome Sciences, Inc. Department of Molecular Biology, Rockville MD

3 Laboratory of Cellular and Molecular Biology, NCI, Bethesda, MD.

* These authors contributed equivalently

To whom correspondence should be addressed:

C. Richter King

Room 508, The Research Building, Georgetown University Medical Center, 3970

Reservoir Road, Washington, DC 20007.

23



NRG-3: a new erbB ligand

ABSTRACT

Ligands of the EGF/Heregulin family control the growth of epithelial cells by

binding to receptors of the erbB family. By searching a large database of cDNA

sequences at Human Genome Sciences Inc we have identified a new encoded

protein sequence containing all the conserved elements of the EGF/Heregulin

family. The same sequence has recently been independently identified as NRG-3.

The EGF like domain of NRG-3 was generated as a recombinant protein in E. coli

and used to test the specificity of receptor binding. In human breast cancer cells and

in 32D cells transfected by erbB family members NRG-3 activated multiple erbB

family members. These include EGF receptor (erbBl) and erbB4 when expressed

individually. ErbB2 and erbB3 were activated by NRG-3 expressed in the same cells.

Recombinant NRG-3 EGF-like domain was shown to alter the growth of human

breast cancer cells growing in vitro. NRG-3 was found to be expressed in cell lines

derived from breast cancer. These results indicate that NRG-3 is a potential in vivo

regulator of normal and malignant breast epithelial cells.
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INTRODUCTION

Increased activity of members of the erbB family has been implicated in the

development of cancer. Different molecular mechanisms of activation have been

identified. The ligands of the EGF/Heregulin family are inappropriately expressed

in breast cancers (1). EGF, 0xTGF, Amphiregulin and Heregulin have all been

reported to be expressed in breast cancers contining appropriate receptors thus

leading to autocrine growth stimulation (2,3). Autocrine growth stimulation is clear

in the transformation of NIH/3T3 cells with high levels of EGF receptor. In these

cells, full morphological transformation requires the co-expression of 0aTGF (4).

The causative role of autocrine growth stimulation by oxTGF in breast cancer is

demonstrated in experiments using transgenic animals where the expression of

cxTGF acts synergistically to produce frequent breast cancers (5). These findings

indicate that the co-incident expression of erbB receptor proteins with their ligands

can result in aberrant cell growth. Moreover, in 20% of breast cancers

amplification of the erbB2 gene results in oyerexpression of p185erbB-2 (6,7).

Overexpression of p185erbB-2 is an oncogenic event in experimental systems (8,9).

In these cancers activation of signalling has been thought to be independent of

ligand activation. To date no ligand has been isolated that binds only to erbB2.

However, recent studies show that erbB2 can form part of a receptor complex for

Heregulin (10-12). Overexpression of the erbB1 (EGFR) protein is common,
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although gene amplification is infrequent in breast cancer (13).

The erbB receptors bind their ligands as dimers formed from two identical

erbB proteins (homodimers) or from two different proteins (heterodimers) (14,15).

EGF can bind homodimers of erbB1 (EGFR) or-heterodimers of erbB1 and erbB2

(16,17). Similarly, Heregulinl can bind homodimers of erbB4 or heterodimers of

erbB2 and erbB3. Other ligands of the EGF/Heregulin family have receptors formed

by homo and heterodimers of erbB proteins(16,18-20). Ligand binding and dimer

formation leads to increased autophosphorylation of the receptor proteins and

substrates activating intracellular signalling pathways.

The cellular consequences of receptor stimulation by members of the

EGF/Heregulin family vary with the ligand and cellular context. EGF and oxTGF can

stimulate the growth of many cells in culture, but in cases of breast cancers that

overexpress the EGF Receptor, EGF can be growth inhibitory at concentrations

above -10 nM (21,22). In a similar way, Ileregulin can both stimulate growth of

some human cancer cells as well as inhibit those that overexpress erbB2 (23,24).

Heregulin clearly has effects on cell morphology as evidenced by changes in the

actin cytoskeleton (25). The display of erbB proteins on breast cancer cells is not

uniform. Many cells lack one or more of the family and others greatly overexpress

erbB1 or erbB2. Heregulin seems to play a number of specialized roles in

appropriate regulation of the neuro-muscular junction (26), in neuronal and glial

cells (27,28) and in schwann cell development (28). In prenatal development

Heregulin and erbB2 and erbB4 control in morphogenesis of brain and heart (29,30).

These findings indicate that members of the -EGF/Heregulin family can have
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differing effects on cell phenotype.

During the preparation of this manuscript other investigators reported NRG-

3, a product of the same gene (31). Our results extend the published information to

indicate that NRG-3 binds and activates multiple members of the erbB family of

receptors. We demonstrate that NRG-3 is expressed in human breast cancer samples

and can alter the growth of human breast cancer cell lines. These results indicate

that NRG-3 may have in vivo effects on the growth of normal and malignant breast

epithelial cells.
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RESULTS

NRG-3 contains an EGF like domain.

The ligands of the EGF/Heregulin family have a well-defined sequence

similarity which we used to identify NRG-3. Figure 1 shows a compilation of

known ligands of the EGF/Heregulin family; all contain 6 cysteines. Between the

fourth and sixth cysteine is the common EGF-like folding motif containing a

conserved hydrophobic amino acid (Y37) and a conserved glycine (G39). This region

apparently forms a very stable core structure that is used in many extracellular

proteins. Sequence similarity among the ligands is not limited to this folding motif.

There is an exactly conserved arginine (R41) and hydrophobic amino acids at

positions 14 and 16. A hydrophobic amino acid that is required for binding activity

is found at position 46 or 47. The number of amino acids between cysteines is

similar among the ligands with the notable exception of loop B and loop C.

Heregulins have a loop C which is three amino acids longer than the EGF-like

ligands. The overall sequence similarity among the EGF/Heregulin family

members is 19-42% (except between Hrgla and Hrg1lt which are derived from the

same gene). Recently, NRG2 has been identified in rat brain (32,33). NRG2 is most

closely related to Hrg1lt with sequence identity of 42% in the EGF like domain.

Using a consensus sequences derived from EGF and Heregulin sequences we

screened the HGS database of over 800,000 expressed cDNA sequences. As shown in

Figure 1, one cDNA encoded the NRG-3 sequence which has 34-38% similarity to

EGF and Heregulin family within the EGF-like domain. Importantly, in the NRG-3
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sequence all of the conserved cysteine residues, the R41, and the G39 are exactly

conserved. There is additional sequence conservation in NRG-3, notably

hydrophobic amino acids at positions 13, 15, 37 and 46-47. The length of the B and C

loops are more similar to heregulin than EGF. Within the coding frame defined by

our current cDNA clone there is a sequence of hydrophobic amino acids that is

consistent with a transmembrane domain C-terminal to the EGF-like domain. This

structure is similar to the transmembrane domains found in 0.TGF EGF, Heregulin

and other ligand precursor proteins (not shown in figure 1). The sequence attributes

of the NRG-3 cDNA make it a strong candidate as encoding a novel growth factor

binding one or several of the erbB family of receptors. NGR2 is 36% identical to

NRG-3 in the highly conserved EGF-like domain it is extremely likely that they are

products of distinct genes. Don-1 has also been recently and independently

identified by sequence similarity to EGF/Heregulin (34) and is apparently the

product of the same gene as NRG-2.

An independent group of investigators identified NRG-3 using sequence

similarity to Heregulin-1 (31) during preparation of this manuscript. That study

reports a sequence that is identical in the EGF-like domain but varies near the C-

terminus of the intact protein probably due to alternative splicing of the transcript.

Demonstration that NRG-3 activates erbB family proteins.

In order to obtain an initial estimation for the action of NRG-3 as a ligand for

erbB family of receptors we generated recombinant protein in E.coli using a GST

fusion system. The EGF-like domain of NRG-3 was released and purified from the
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GST by thrombin cleavage. The resulting protein contained a single polypeptide

when analyzed by SDS-PAGE.

To test for the ability of recombinant NRG-3 to activate receptors of the erbB

family we used a tyrosine kinase activation assay. Tyrosine phosphate containing

proteins were then identified by immunoblotting using anti-phosphotyrosine

antibodies. As shown in figure 2, there is a clear increase in the tyrosine

phosphorylation at -p185 when recombinant NRG-3 is applied to MCF-7 cells. In

MCF-7 cells recombinant Heregulin-1l9 results in a large increase in tyrosine

phosphorylated proteins at about this size. These results indicate that recombinant

NRG-3 is able to activate phosphorylation of at least one of the members of the erbB

family expressed in MCF-7 cells.

NRG-3 Activates multiple erbB proteins.

In order to begin the analysis of the NRG-3 receptor we used an experimental

system where the display of erbB proteins can be controlled. The 32D cell is a

murine myeloid cell line which is devoid of expression of genes of the erbB family

(35). Growth of 32D cells is dependent on the IL-3 present in WEHI conditioned

media (35). When expression constructs encoding an erbB protein are introduced

into 32D cells the resulting cell can survive in tlhCe absence of IL-3 if an appropriate

EGF/Heregulin family member is present. For example, the introduction of EGF

Receptor expression leads to growth of 32D cells in the presence of EGF or XTGF and

introduction of erbB4 allows growth with Heregulin (15). Similar experimental

systems have been used to examine the receptor specificity of the newly discovered
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NRG-2 (36). Figure 3 shows that growth of 32D cells in the presence of NRG-3

occurs only when EGF Receptor or erbB4 are present singly or when erbB2 and

erbB3 are present in combination. The expression of erbB2 or erbB3 alone does not

lead to NRG-3 induced growth. To confirm that this growth stimulation was the

result of receptor activation we determined whrether NRG-3 induces the tyrosine

phosphorylation of EGF Receptor, or erbB2 or erbB3 when expressed together.

Figure 4 shows the appearance of an appropriate sized band when cell lysates of

these 32D cells are probed by antiphosphotyrosine antibodies. These results are

strong evidence that NRG-3 can activate erbB1 homodimers (the EGF receptor), and

erbB2 + erbB3 heterodimers. Our results using 32D cells confirm the previously

reported finding (31) that NRG-3 can activate erbB4 homodimers.

The results of 32D experiments indicate that the receptor binding pattern of

NRG-3 is complex. In order to test if NRG-3 activates proteins other than erbB4 in

MCF-7 cells we determined the phosphorylation of erbB3. Following stimulation by

NRG-3, erbB3 was immunoprecipitated the level of tyrosine phosphorylation on

erbB3 determined by immunoblot using antiphosphotyrosine antibodies. As shown

in figure 5, phosphorylation on tyrosine is clearly a consequence of NRG-3

stimulation.

Biological Activity of NRG-3.

The effects of the EGF/Heregulin family vary significantly. Differing cellular

phenotypes can be induced by different ligands in the same cell system and the

same ligand can cause differing effects among different cells. Mitogenic activity of
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NRG-3 has been detected in 32D cell experiments. Growth stimulation of MCF-7

cells is observed in the breast cancer cell line MCF-7. The MCF-7 cell is dependent

on estrogens in the media either in the form of phenol red or present in the fetal

bovine serum. Little proliferation is seen in phenol red free media containing

serum treated with charcoal to remove steroids. Heregulin is able to promote

growth in the absence of estrogen. As shown in figure 6, when NRG-3 is added

there is also a clear growth stimulation. Growth inhibitory effects have also been

observed. NRG-3 inhibits the growth of the breast cancer cell line MDA-MB-468.

These cells overexpress the EGF receptor and can be stimulated by EGF at low

concentrations (1 ng/ml ) and growth inhibited a4 higher concentrations (>10 ng/ml

). As shown in figure 7, NRG-3 can inhibit growth of these cells at concentrations

that are active in producing growth stimulation of 32D cells containing EGF

Receptor. No growth suppression or stimulation are seen when NRG-3 is applied

to MCF-7 cells when they are grown in media containing agonists for the estrogen

receptor.

NRG-3 mRNA expression in breast cancer.

Detection of NRG-3 mRNA by northern blotting methods showed a weak

signal for NRG-3 mRNA in adult brain with a size of approximately 2 KD (data not

shown). Similar northern blot results are reported in the recent NRG-3 study (31).

We have extended this analysis using RT-PCR to detect NRG-3 mRNA. RT-PCR

experiments employed two primer sets. The two primer sets generated concordant

results. In addition all assays included control reactions lacking reverse
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transcriptase in order to detect the presence of contaminating DNA. The results of a

representative RT-PCR assay is shown in figure 8. The observed band at 340 bp

corresponds to the predicted size based on the NRG-3 cDNA. It was cloned

sequenced and shown to contain NRG-3 coding information. The bands shown at

500 bp and 120 bp. were also subjected to sequence analysis. These do not contain

NRG-3 coding information and thus likely represent miss priming by the RT-PCR

oligonucleotides on unrelated mRNAs. These results are strong evidence that

NRG-3 is expressed in at least some human breast cancer cell lines. We also confirm

(31) expression of NRG-3 mRNA in human brain tissue(figure 8).
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DISCUSSION

The results reported here confirm and extend the results of the recent

neuregulin-3 study (31) concerning the receptor specificity of NRG-3. In that study a

NRG-3 EGF-like domain fused to an immunoglobulin Fc domain. The resulting

recombinant protein was shown to bind and activate tyrosine kinase

phosphorylation of erbB4. No binding was observed for erbB1, erbB2, or erbB3

when each was expressed alone. Studies on the activation of tyrosine

phosphorylation of these proteins was not reported nor were mitogenic assays

conducted. Activity of recombinant NRG-3 on heterodimer combinations of erbBs

was also not investigated. Our results suggest that NRG-3 can bind and activate

erbB1 and heterodimers of erbB2 + erbB3 in addition to activating erbB4. Taken

together the available data suggests that the precise receptor binding and activation

profile of NRG-3 is complex. This conclusion is also suggested in the of the NRG-3

publication (31). Our results demonstrate that erbB3 can be phosphorylated as a

consequence of NRG-3 binding (figure 5). The NRG-3 induced increases in tyrosine

phosphorylation on erbB3 suggests that the erbB3 protein can be part of an NRG-3

receptor. Our studies of 32D cells supports this conclusion where erbB2 is the other

member of the heterodimeric receptor with erbB3. Still to be determined is

whether NRG-3 can bind to erbB1 + erbB3 heterodimers or erbB3 + erbB4

heterodimers or erbB2 + erbB4 heterodimers. Our preliminary data does

conclusively demonstrate that NRG-3 is a new ligand for the erbB family of

receptors. These results suggest that NRG-3 may have a receptor specificity
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somewhat analogous to JB-Cellulin (20,37).

In adult tissue, expression levels of NRG-3 are low but detectable using

sensitive methods such as RT-PCR. NRG-3 is expressed at the highest levels in the

brain where it is likely to play a critical role in the morphogenesis (29-31).

Interestingly, we identify NRG-3 expression a breast cancer cell line, MCF-7, that

clearly have receptors that can be activated by HLGF. Our results also show that

NRG-3 can cause alteration of growth of MCF-7 cancer cells in vitro. The ability to

cause growth of MCF-7 cells in the absence of estrogen is similar to that previously

reported for Heregulin (31). Our results suggest that effects on cell phenotype by

HLGF may depend on the cell line. MDA-MB-468 which has high levels of EGFR

are growth inhibited by NRG-3 in vitro.

The results in this paper together with those recently reported earlier (31)

identify NRG-3 as a new ligand for the erbB family of growth factor receptors and

suggest a role for NRG-3 in the growth regulation of normal and malignant breast

epithelial cells.

35



NRG-3: a new erbB ligand

MATERIALS AND METHODS

Preparation of Recombinant NRG-3 The coding segment containing the EGF like domain of

NRG-3 (nucleotide 79 to 279 of HGS38) were amplified by PCR and inserted into the pGEX3

plasmid for expression as a fusion protein with bacterial glutathione S transferase. Protein was

prepared using standard methods. Bacterial were cultured to an OD 600 of -0.4 and induce to

express recombinant protein by addition of 0.1 mM IPTG. Bacteria were collected by

centrifugation resuspended in 1X PBS and lysed by sonication. Recombinant protein was

collected by incubation with glutathione beads. After washing, the recombinant NRG-3 protein

was cleaved from the GST bound to the beads by thrombin cleavage for 18 hours. Thrombin was

removed by incubation with p-Aminobenzamidine agarose beads. Refolding followed the methods

used for the refolding of recombinant antibody fragments (38). Briefly, recombinant NRG-3 was

denatured in 6M guanidine HCL containing 65mM DTE. This was rapidly diluted 100 fold to a

final protein concentration of 100 ug/ml into 0.4 M Arginine 0. 1M Tris pH 8.0, 0.9mM oxidized

glutathione 2.0 mM EDTA. Refolding was allowed to proceed for 24 hours at 4 degrees C.

Refolded protein was extensively dialyzed against PBS using 3000 kDa cutoff membranes.

Protein preparations were stored at -20 C.

Detection of receptor activation by phosphotyrosine immunoblot. Cells were starved (24 hours for

MCF-7, 4 hours for 32D derived cell lines) before addition of the indicated amounts of growth

factors. Total cell lysates were prepared by addition of SDS PAGE sample buffer (1% SDS,

0.15M Tris pH 8.6, 5% BME and lmM Sodium OrthoVanadate) directly to cells. Cell lysates and

were run on 8-16% Tris-Glycine gradient gels (Novex). Proteins were transferred onto Hybond

ECL nitrocellulose membranes (Amersham) and were irfimunoblotted with anti-phosphotyrosine

MAb (Upstate Biochemicals Inc.)
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32D cell experiments. 32D cells containing expression constructs for erbBl, erbB2, erbB3,

erbB4 and erbB2 and erbB3 together were grown in IL3 containing (WEHI conditioned media) or

Hrg- 1 P prior to the experiment. Expression of the erbB proteins was verified by FACS analysis

using erbB specific antisera. Cells (104 per well )were plated in 24 well dishes in the absence of

IL3 containing media (DMEM, 10% FCS) or in the presence of the indicated growth factors,

Heregulin 1 P 100 ng/ml, EGF 1OOng/ml, and NRG-3 1Oug/ml. Cells were allowed to grow for 3

days and viable cells counted using a hemocytometer.

Immunoprecipitation and Immunoblot of erbB3. Cells were plated in 80 cm 2 dishes (DMEM +

10% FCS) for until 80 % confluent. Cells were then allowed to become quiescent in serum free

media (DMEM) for 24 hours. Cells were then stimulated with the indicated growth factors,

Heregulin 1 1 1 ug/ml, and NRG-3 lOug/ml for 15 minutes. Cells were lysed in 1% Triton X-

100 in PBS containing 1 mM Sodium orthovanadate. Nuclei were removed by centrifugation.

erbB3 proteins were immunoprecipitated (2 hours at 40 C) using monoclonal anti-erbB3 antibodies

(Neomarkers) and collected on protein A sepharose. Proteins were released by incubation in 1%

SDS containing PAGE sample buffer at 1000C and electrophoresed on 8-16% gels (Novagen).

Proteins were transferred to nitrocellulose. Proteins containing pTyr were detected using

monoclonal anti-phosphotyrosine antibodies (Oncogene.Science) and the ECL detection system

(Amersham).

Growth Assays. MDA-MB-468 cells were plated in IMEM+ 10% FBS at 3000 cells per well in 96

well dishes. Cells were allowed to become quiescent in serum free IMEM for 24 hours and

growth factors EGF 2 ng/ml and NRG-3 10 ug/ml were added to the media. Growth of cells at 1,

3, and 5 days was monitored using the XTT assay method. XTT was added at 10 ug/ml in IMEM

and PMS (1.5 mg/ml in PBS) to 25% of volume of well for 4 hours at 370C. OD monitored at
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540 nm. MCF-7 cells were plated in IMEM (containing no phenyl red) + 5% charcoal stripped calf

serum (CCS) at 3000 cells per well in 96 well dishes. Cells were allowed to become quiescent in

serum free IMEM for 24 hours and growth factors Hrgl 2 ng/ml and NRG-3 10 ug/ml were added

to the media. Growth of cells at 1, 3, and 5 days was monitored using the XTT assay method.

XTT was added at 10 ug/ml in IMEM and PMS (1.5 mg/ml in PBS) to 25% of volume of well for

4 hours at 370C. OD monitored at 540 nm.

Detection of NRG-3 mRNA. Total RNA was extracted from cultured cells using the RNazol B

method (Tel-Test, CS-104 ). The final RNA pellet was resuspended in 135 ul DEPC treated H20.

DNase treatment was performed using the SNAP RNA isolation kit (Invitrogen, K1950-01).

Briefly, loX DNase buffer and RNase free DNaseI was added to each sample and incubated for

20' at 37o. RNA purification was performed as indicated in the kit. Concentration of each sample

was determined, samples were dried and resuspended to give a final concentration of 2 ug/ul.

RT-PCR was performed using 2 ug of total RNA in the Gene Amp RNA PCR Core kit

(Perkin Elmer, N808-0143). cDNA was synthesized using the downstream primer 5'-

CCACGATGACAATTCCAAAG-3'. Samples were reverse transcribed lh at 37o. RT was heat

inactivated 5' at 99o, samples were cooled on ice. PCR was performed with the entire RT reaction

using the upstream primer 5'-TACCACCACCACACCAGAAA-3'. The reaction was performed

for 40 cycles, 1 at 940C, 1' 30s at 580C, 2' at 720C, followed by an extension for 8' at 720C.

Samples were electrophoresed on an agarose gel and visualized with ethidium bromide staining.

Confirmation of the sequence of the bands was performed by purifying the bands from agarose gel

slices (Wizard PCR preps DNA purification system, Promega, A7170) and cloning into a TA

vector (Invitrogen, K2000-J10) for automated sequencing. Bands of unknown identity present in

the reaction products were cloned and sequenced in a simijar fashion.
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FIGURE LEGENDS

Figure 1: The amino acid sequences of the EGF/ heregulin family of growth factors and of the

NRG-3 novel sequences. Cysteines (C) defining the basic structure of the EGF domain and

highly conserved amino acids are in bold. Listed are sequences for the EGF like domains of

Transforming Growth Factor alpha, Amphigregulin, Epidermal Growth Factor, Heparin-Binding

EGF, Beta Cellulin, human Heregulin 1-alpha and 1-beta, Heregulin Related Gene 2 and the

novel gene described in this study and (39) NRG-3.

Figure 2 Demonstration of Biochemical Activity of a Recombinant NRG-3.

MCF-7 cells were treated with recombinant NRG-3 (10 ug/ml) or recombinant full length HrglB

(0.1 ug/ml) for 30 minutes. Cells were lysed and proteins separated by SDS-PAGE. Proteins

phosphorylated on tyrosine detected using immuno-blotting and anti-phosphotyrosine antibodies.

Figure 3 NRG-3 is mitogenic for 32D cells with expressed erbB proteins.

The indicated cells were plated in media containing IL-3 (WEHI conditioned media) and then

changed to media containing no IL-3 with the indicated erbB ligands. At day 5, cells were

counted visually and the average of 4 determinations shown.

Figure 4 NRG-3 is stimulates tyrosine phosphorylation of erbB proteins in 32D

cells. Cells (105 per well )were plated in 24 well dishes in the absence of IL3 containing media

(DMEM) for 4 hours prior to incubation with the indicated growth factors, Heregulin 1 3 100

ng/ml, EGF 1OOng/ml, and NRG-3 10ug/ml for 15 minutes. Cells were collected by
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centrifugation, lysed and separated by SDS-PAGE and proteins containing pTyr were detected

using immunoblotting and monoclonal anti-phosphotyrosine antibodies. (UBI).

Figure 5 NRG-3 is stimulates tyrosine phosphorylation of erbB3 proteins in

MCF-7 cells. MCF-7 cells were treated with NRG-3 (10ug/ml) for 15 minutes and lysed in

PBS 1% Triton. erbB3 protein was immunoprecipitated and pTyr containing proteins identified by

SDS-PAGE and anti-phosphotyrosine immunoblotting. The amount of erbB3 protein in each

immunoprecipitation was determined by immunoblot anti-erbB3 antibodies (Neomarkers Inc.)

Figure 7 NRG-3 can inhibit growth of human breast cancer cells (MDA-MB-

468). MCF-7 cells were grown in media containing charcoal stripped calf serum; phenol red

free media and the indicated growth factors. The extent of cell growth was monitored at the

indicated days using the XTT method.

Figure 7 NRG-3 can inhibit growth of human breast cancer cells (MDA-MB-

468). MDA-MB-468 cells were grown in media containing FBS, Fetal Bovine Serum and the

indicated growth factors. The extent of cell growth was monitored at the indicated days using the

XTT method.

Figure 8 Detection of NRG-3 transcripts in brain and cell lines derived from

breast cancer. RNA was prepared using RNAzol (Tel-Test Inc.). RT-PCR was conducted

using standard procedures (RNA Gene AMP, Perkin-Elmer Inc.) The oligonucleotides were

synthesized based on the HGS38 cDNA sequence and predict a 340 nucleotide amplification

product. Lanes marked RT - were conducted identically to RT-PCR except that reverse
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transcriptase was not added to the reaction. These lanes indicate the RNA dependence of the PCR

reaction, suggesting that the bands observed are derived from NRG-3 mRNA and not from DNA

contamination.
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Amino Acid Sequences of EGE Binding Domains

6 14 20 31 42

>cLTGF SHFNDCPDSHTQFCFHG-TCRFLVQEDKP- -- -ACVCHSGYXTGARCEHADLLA

>EGF RNSDSECPLSHDGYCLHDGVCMYTEALDKY- -- -ACNCVVGYIGERCQYRDLKW
>HB-EGF GKKRDPCLRKYKDFCIHG-ECKYVKELR7ýP- -- -SCICHPGYGGERCHGLSLP
>Amph RKKKNPgNAEFQNFCIHG-ECKYIEHLEAV- -- -TCKCQQEYFGERCGEKSMKT

>p3Ce11 KGHFSRCPKQYKHYCIKG-RCRFVVAEQTP--- -SCVCDEGYIGARCERVDLFY

>Hrgcix1 TSHLVKCAEKEKTFCVNGGECFMVKDLSNPSRYLCKCQPGFTGARCTENVPMK

>Hrgfpl TSHLVKCAEKEKTFCVNGGECFMVKDLSNPSRYLCKCPNEFTGDRCQNYVMAS

>I{RG-2 SGHARKCNETAKSYCVNGGVCYYTEGINQLS- -- -CKCPVGYTGDRCQQFANVN

>NRG- 3 SEHFKPCRDKDLAYCLNDGECFVTETLTGSHK-HCRCKEGYQGVRCDQFLPKT

Figure 1
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Growth of MDAMB-468 in NRG-3
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PROJECT 3: Functions of cdc42, rac and rho in growth factor siganlling in breast cancer.

Report for Period August 9, 1996-April 1997

Due to administrative issues this grant DAMD17-94-J-4169 was reassigned to our laboratory on
August 9, 1996. The aims and work scope of the proposal were updated as described on the
attached sheets. Progress on the updated specific aims has necessarily been limited due to the short
period of activity in this setting. We have emphasized the establishment of the experimental
systems that are proposed. Important elements of this progress are:

Fibroblasts (NI-IH3T3) that contain a chimeric human protein derived from the extracellular
domain of EGFR fused to the intracellular tyrosine kinase of p 185erbB-2 have been obtained
and tested. The activation of the tyrosine kinase is comparable to a similar cell containing
the intact human EGFR.

Cytoskeletal changes in response to EGF and PDGF have been characterized for fibroblasts
and breast cancer cells. This has involved careful optimization of the preparation and
analysis of cells using phalloidin staining. In the fibroblasts, PDGF is a potent stimulator
of membrane ruffling with EGFR while erbB-2 kinase activation is less potent.

MCF-7 and SKBR-3 cells have been tested for the induction of the type of cytoskeletal
changes associated with rho/rac/cdc42 activation. MCF-7 shows pronounced stimulation
of pseudopodia in response to heregullin. SKBR-3 shows a strong response to both EGF
and Heregullin.

The NIH/3T3 fibroblasts containing the EGFR and the EGFR/p 185erbB-2 chimera have
been successfully micro-injected with rabbit IgG to label cells. BrdU staining assays have
been tested with an increase in labelling observed in the presence of EGF.

Micro-injection of normal rac into breast cancer cells has been shown to induce ruffling.
This indicates that the cell responds to this stimulus and that the micro-injection of
appropriate DNAs can be conducted in this laboratory.

Dominant negative expression constructs of the small G proteins listed above have been
obtained and prepared for micro-injection.

This project was inactivated as exciting findings were being obtained in project 2.
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